In this report, X-ray photoelectron spectroscopy (XPS) and 29 Si-MAS-NMR was used for the evaluation of deteriorated hardened cement pastes. The deterioration by ammonium 2 nitrate solution was accompanied by changes in the pore structure as well as by structural changes in the C-S-H in the hardened cement paste. The CaO/SiO2 ratio of the C-S-H decreased with the progress of deterioration, there was also polymerization of the silicate in the C-S-H. It was confirmed that the degree of polymerization of silicate of the C-S-H in hardened cement paste can be determined by XPS. It was also shown that the polymerization depends on the structure of the C-S-H.
Introduction
When concrete structures are exposed to actual environments for long periods of time, the concrete deteriorates, and the mechanical characteristic of the concrete changes.
For example, the storage of radioactive waste is necessary for tens of thousands of years, and the performance of the concrete structures holding it must be maintained during this length of period. It is possible to know the early performance of concrete structures, but it is difficult to know the long-term performance. Therefore, it is very important to know and able to predict the long-term behavior of concrete, and it is important to clarify the mechanisms affecting the behavior. The calcium ion concentration in the pore solution of concrete decreases during long periods, and this leads to a dissolution of the calcium bound in the skeleton of the portlandite crystals Ca(OH)2 and calcium-silica-hydrates (C-S-H). Calcium leaching leads to significant changes in the concrete microstructure, especially, there is a large increase in porosity. Much study focusing on the pore structure has been reported, but there are not many investigations focusing on the calcium silicate hydrate (C-S-H) structure in hardened cement paste, the matrix of the concrete [1] [2] [3] [4] [5] [6] [7] . The C-S-H is the main component comprising 60% or more by volume of hardened cement paste, and it controls the properties of hardened cement paste such as the diffusivity and strength [8] [9] [10] . The porosity of concrete changes when concrete is exposed to the elements, and it may be expected that the chemical structure of the C-S-H changes.
Solid-state Nuclear Magnetic Resonance (NMR) and TMS methods have been used for the characterization of silicate anion structures in cement chemistry [11] [12] [13] [14] [15] [16] [17] [18] . The NMR measurements are used for bulk measurements. The CaO/SiO2 ratio and bonding state of the Si in C-S-H is determined by X-ray Photoelectron Spectroscopy (XPS) [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . The differences in polymerization of silica were determined by the binding energy shifts [29] [30] [31] , highly polymerized silica has higher binding energies. Further, with XPS it is possible to obtain details of the hardened cement paste such as the distribution of Si.
There are some studies of the dissolution of metal from leached cement paste [32, 33] , but there is no study of the bonding state of silicate in leached cement paste by XPS as far as we know. Therefore this study focuses on changes in the chemical structure of the C-S-H. The purpose of the study is to clarify the effect of leaching on the bonding state of silicate of C-S-H in hardened cement paste by XPS and NMR. Ordinary Portland cement (OPC) produced in Japan was used. The density of OPC is 3170kg/m 3 and the blaine surface area of OPC is 3340cm 2 /g. The chemical composition and the mineral composition calculated by Bogue equation of OPC is shown in Table 1 .
The water/cement ratio for the hardened cement pastes (HCP) was 0.6 [34] , because of avoiding the effect of unhydrated cement on experimental results. After mixing the specimens were demolded after 24 h, and cured at 50 °C in saturated calcium hydroxide solution for 91days for accelerating the hydration of cement. Ammonium nitrate solution was used to accelerate the deterioration of the hardened cement paste, and the degree of deterioration of the hardened cement paste was simulated by changing the concentration of ammonium nitrate solution [35, 36] . It was possible to produce hardened cement pastes with different CaO/SiO2 ratios by varying the concentration of the ammonium nitrate solutions. In this study, the concentrations of the ammonium nitrate solutions (specimen weight: NH4NO3 solution weight=1:30) were 0.25, 0.4, and 0.6M and the immersion time 7days without renewal of solution. The specimen was cut from the center of bulk sample (30mm in diameter and 100mm in height) and the shape of specimens for the immersion was 3mm high and 30mm in diameter to produce homogeneous deterioration of the specimens. After immersion, we measured the CaO/SiO2 ratios of the cross-section of specimens by EPMA, and confirmed that the samples were homogeneous.
X-ray diffraction (XRD) measurements.
Samples for the measurements were powder that was crushed by ball mill, dried under Argon gas atmosphere, and mixed with 10%wt of corundum (Al2O3) as an internal standard. The conditions of the XRD measurements were 40kV, 40mA, and with an CuKα X-ray monochromater. A 0.02 2θ step and 2-second count time from 5 to 60 degrees was used. A 3 mm cube was cut from freeze dried samples of the hardened cement pastes and used for the BEI observations. These dried specimens were immersed in epoxy resin in vacuum; after the hardening of the epoxy resin, a specimen surface was polished using SiC paper, and finally smoothed by 0.25 micrometer diamond paste, and a carbon coat was applied to provide electric conductivity on the specimen surface. The electron microscopy imaging (Shimadzu, SSX550) was conducted under the following conditions: 
Mercury intrusion porosimetry (MIP).
Crushed samples (size: around 3.0mm) that were freeze dried and used for the MIP (AutoPore9500, Micromeritics). The porosity and pore size distribution study was carried out with a mercury intrusion porosimeter capable of generating pressures in the range of subambient to 33,000 psi (227 MPa). The pore radius calculations were done by using the Washburn equation.
2.5 BET surface area measurements.
The BET surface areas of the hydrated cement paste were measured with water a vapor isotherm (Hydrosorb1000, Quantachrome). Samples used in the measurements were powder that was crushed with a ball mill and dried by freeze-drying. The samples were placed in a vacuumed desiccator at 105 degree Celsius for 1hour before the measurements, and the range of the measurements was at 0.05-0.98 in relative pressure. The surface area was determined from an adsorption curve by the multi point BET method.
NMR measurements.
Measurement of the 29 Si-NMR(MAS) spectra was performed at a frequency of A plate sample (5*5*1mm) that was polished was used for the XPS measurements.
Analysis was performed using a JEOL JPS-9200 fitted with a Mg Kα (hν=1253.6eV) X-ray source operating at 100 W (10 kV, 10 mA). The area for the XPS analysis was 3mm in diameter with a high vacuum condition (<10 -6 Pa). The spectra were corrected for charging effects using the adventitious hydrocarbon peak at 284.8 eV binding energy.
Deconvolution of spectrum was analyzed by Specsurf software (JEOL).
3. Results and discussion showing that the deteriorated specimens have a coarser structure. This result is the same tendency of previous report [41, 42] , it was approximately 1.0 and 2.5µm to exposure of NH4NO3 solution, and threshold pore diameter increase with the progress of deterioration. The BET surface areas determined by H2O adsorption is shown in Table 2 .
The BET surface area of the hardened cement paste increased with the increases in the concentration of ammonium nitrate solution except in the 0.25M specimens. Fig.4 shows the 29 Si-NMR spectrums of the specimens, and the deconvolution of 29 Si-NMR spectrums of non-deteriorated specimens was shown in showing that the polymerization of silicate in deteriorated specimens increases. The spectrum of Q 3 that is not detected in non-deteriorated specimens appeared at C/S 0.8.
However, there is no Q 3 spectrum of synthesized C-S-H that is produced without hydrothermal treatment in previous reports [17, 43] . This suggests that the chemical and C/S 0.7 is 3.2 and 18.6 respectively by previous report [44] . It is also reported that Q2/Q1 ratio increase with the progress of leaching [5] , the progress of polymerization of silicate by calcium leaching is reported by previous reports [45, 46] . Fig.7 plots Q 1 /∑Q i versus the C/S ratio for C-S-H, the values determined in this study and for 1.4nm
Tobermorite and Jennite reported in a previous study [15] . When it is the same crystal structure, it is plotted on the same straight line. This suggests that the structure of the C-S-H immersed in 0.4 and 0.6M NH4NO3 is similar to the crystal structure of tobermorite and the C-S-H in the previous study [15] , the specimens immersed in 0.25M NH4NO3 and the non-deteriorated specimens are similar to the crystal structure of jennite. It is considered that the structure of the C-S-H varied due to the differences in the NH4NO3 concentration of the immersion solutions. C/S 1.8 and 0.8 is more than 1.0eV. The deconvolution of photoelectron spectra (Si2p) of 0.6M NH 4 NO 3 specimen is shown in Fig.11 . There are two components such as high (102 eV) and low (100.5eV) binding energy. It was shown that the silicate chain length in the deteriorated specimens that were immersed in ammonium nitrate solution is longer than that in the non-deteriorated specimens. This result is in good agreement with the results determined by 29 Si-NMR, and clearly suggests that it is possible to determine the polymerization of silicate in C-S-H by XPS like in the measurements of NMR. Fig.12 shows the relationship between CaO/SiO2 and the Si 2p binding energies of C-S-H plotted together with the results of previous reports [19, 28] . Here the binding energies of the C-S-H immersed in 0.4 and 0.6M NH4NO3 are close to those in the previous studies. However, the binding energies of C-S-H immersed in 0.25M and non-deteriorated specimens are different from those in the previous reports. Here it may be hypothesized that the effect of the binding energy in the unhydrated cement is included in the results, and that the structure of the C-S-H is different as suggested in Fig.7 . Overall, this would suggest that the structure of the C-S-H in the deteriorated specimens may be similar to that of the synthetic C-S-H.
Conclusions
X-ray photoelectron spectroscopy and 29 Si-NMR was used for the evaluation of deteriorated hardened cement pastes. The deterioration by ammonium nitrate solution was accompanied by changes in the pore structure as well as structural changes in the C-S-H of hardened cement paste. The CaO/SiO2 ratio decreased with the progress of the deterioration, and there was polymerization of silicate in the C-S-H. The degree of polymerization of silicate of the C-S-H in the hardened cement paste can be observed by XPS. It was shown that the degree of the polymerization of silicate of the C-S-H depends on the structure of C-S-H. Therefore, it is suggested that the structure of the C-S-H in the deteriorated specimens may be similar to that of the synthetic C-S-H. Tables   Table 1 The Research highlights  The degree of polymerization of silicate of the C-S-H in the hardened cement paste can be observed by XPS.
 The structure of C-S-H changed with the degree of calcium leaching.
 The result of NMR about Silicate in C-S-H was in good agreement with the result of
